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AS. et aL, J. Controlled Release, fi:297 (1987), the disclosures of which 
are incorporated herein. PolyfN isopropyl acrylamide), however, is 
non-degradablc and is not suiuble for applications where biodegradable 
polymers are required. Non biodegradable polymeric systems for drug 
delivery are disadvantageous since they require removal after the 
drug-polymer device is implanted. 

It is an object of the invention to provide improved polymer 
systems for use in drug delivery and other biomedical applications such as 
surgical applications. It is an additional object of the invention to provide 
polymer systems for use in controlled drug delivery which are capable of 
releasing a biologically active agent in a predictable and controlled rate. 
It is a further object of the invention to provide polymers for use in 
controlled drug delivery which release the active agent locally at a 
particular targeted site where it is needed. It is another object of the 
invention to provide polymer systems for use in drug delivery which have 
properties including volume and drug release which are variable with 
temperature or other parameters such as pH or ion concentration. 

Summary of the Invention 

Macromers are provided which are capable of gelling in an 
aqueous solution. In one embodiment, the macromers include at least 
four polymeric blocks, at least one of which is hydrophilic and at least 
two of which are hydrophobic, and include a crosslinkable group. The 
polymer blocks may be selected to provide macromers with different 
selected properties. The macromers can be covalently crosslinked to form 
a gel on a tissue surface in vivo. The gels formed from the macromers 
have a combination of properties including thermosensitivity and 
lipophilicity, and are useful in a variety of medical applications including 
drug delivery and tissue coating. 
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Figure 1 is a scheme showing the different gel states and 
properties of one embodiment of a Aennoresponsive biodegradable 
macromer formed from a polypropylene oxide-polyethylene oxide block 
copolymer. 

Figure 2 is a graph of temperature-dependent changes in gel 
volume of gels formed by photopolymerization of an acrylated 
polypropylene oxide-polyethylene oxide block copolymer containing a 
biodegradable region. 

Figure 3 is a graph showing the effects of temperature on dextran 
release from a gel formed by photopolymerization of an acrylated 
polypropylene oxide-polyethylene oxide block copolymer. 

Figure 4 is a graph illustrating the variation in the speed of 
photocrosslinking of acrylated polypropylene oxide-polyethylene oxide 
block copolymers having incorporated therein different biodegradable 
regions. 

Figure 5 is a graph showing the in vitro profiles of degradation 
rate of gels formed by photocrosslinking of acrylated polypropylene 
oxade-polyethylene oxide block copolymers having incorporated therein 
different biodegradable regions. 

Figure 6 is a graph illustrating the biocompatibility of gels formed 
by photocrosslinking acrylated polypropylene oxide-polyethylene oxide 
block copolymers having incorporated therein different biodegradable 
regions. 

Figure 7 shows graphs illustrating release of fluorescent dextran 
from gels formed by photocrosslinking acrylated polypropylene oxide- 
polyethylene oxide block copolymers having incorporated therein 
biodegradable linkers. 

Figure 8 shows graphs of transition temperatures of gels formed 
from macromers containing biodegradable linkers. 



Figure 9 illustrates the chemical structures of biodegradable 
crossltnkablc macromers consisting of acrylated polypropylene oxide)- 
poly(ethylene oxide) block copolymers having incorporated therein a 
biodegradable linker. 

Figure 10 is a graph of absorbance of a hydrophobic dye vs. log 
(weight %) of solutions of biodegradable macromers having a 
hydrophobic region incorporated therein. 

Figure 1 1 is a schematic illustration of a cell membrane including 
hydrophobic bilayer with a macromer including a hydrophobic tail 
diffused into the bilayer. 

Figure 12 is a schematic illustration of nanospheres or 
microspheres which can be formed by aggregation and subsequent 
polymerization of hydrophilic macromers. 

Figure 13 is a graph which shows the rate of release of a small 
drug from gels formed from hydrophobic macromers. 

Figures 14 and 15 are graphs showing diffusivity of a sparingly 
water soluble drug through a hydrophobic hydrogel. 

Figure 16 is a graph showing the release of tetracycline from a 
hydrogel formed from monomers including a biodegradable region. 

Detailed Description of the Invention 

Macromers are provided which are crosslinkable to form hydrogels 
which are useful as matrices fc* ontrolled drug delivery. In a preferred 
embodiment, biodegradable macromers are provided in a pharmaceutically 
acceptable carrier, and are capable of crosslinking, covalently or non- 
covalcntly, to form hydrogels which are thermoresponsive. A 
biologically active agent may be incorporated within the macromer 
solution or in the resulting hydrogel after crosslinking. The hydrogels 
have properties, such as volume and drug release rate, which are 
dependent upon temperature. The hydrogels may be formed in situ, for 



cample. * a Uasue she. and may ta UKd for for con|rollc<J ^ ^ 
b.oacive subsunces arm is tissue coa[ill8 , ^ ^ ^ ^ 

«.e hydrogels may be ra5riclK , w||h dolMjns ^ ^ ^ 
."eluding se,e«ed hydrophobic!*. hydrophilicity UttmosCTSiti or 
biodcKradabUicy. and combinations thereof. 
Macromers 

The macro-monomers Cmacromers-) which are ionically or 
covalently crosslinks ■„ fonn hydrogels preferably consist of a block 
copolymer The macromers un ^ ^ ^ 
^u.,0^. The macromers are advantageously capable of 
toermoreversible gc,. ti o„ behavior, a* preferably may be polymeria m 
a so,u,,„„ state or in a gel state. The macromer, are defined a, including 
a hydrophd.c block capable of absorbing water, and a, lea,, one block 
d,sUnc, from the hydrophilic block, which is sufficienuy hydrophobic io 
predate from. „r «herwiac change ph«e while within, an aqueous 
solution, ennsiseng of water, preferably containing salts, buffers, drugs or 
polymerizing reagents, a, tempe.atures within or Mte physiological* 
compaub,e range, for eaamp.e 0 to 05'C. The hydrophnic Mock 
optionally may be an an.phiphi.ic block. The macromer may include 

Preferably, the macromers include a. leas, uiree blocks, or more 
preferably four blocks. 

The block copolymers may be linear (AB. ABA. ABABA or 
ABCBA type,, sur (AnB or BAoC. where B is at leas, n-valen,. and 
3 u. 6) or branched (multiple A's depending from one B). In these 
formulae, ekher A or B may be me hydrophilic Hock, and me other me 
amphipathic or hydrophilic block, and me addi.ional block C may be 
cither. 

la another embodiment, the macromer includes at least four 
covaleauy-.m.ed po lyraeri c blocks, wherein: at least one. or in another 
embodiment, at least two blocks are hydrophilic. and the hydrophilic 
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blocks individually have a water solubility of at least 1 gram/liter; at least 
two blocks are sufficiently hydrophobic to aggregate to form micelles in 
an aqueous continuous phase; and the macro mer further includes at least 
one crosslinkable group. The crosslinkable groups optionally may be 
5 separated by at least one degradable linkage capable of degrading under 
physiological conditions. In one embodiment, at least one hydrophobic 
block may be separated from any reacuve group by at least one 
hy drop hi lie block. 

The macTomer further may include five total blocks having the 

10 same or different properties such as thermal sensitivity, hydrophilicity or 
hydrophobicity. Each block also may have a combination of properties. 
For example, a block may be hydrophilic and also thermosensitive. 
Additionally, the multiblock macromer may include chemically distinct 
blocks or may incorporate more than one of the same identical block. 

15 The macromer is fabricated with a structure and with properties suitable 
for different applications. For example the macromer may include a 
central block of dimer fatty acid which includes central hydrocarbon chain 
of about 30 carbon atoms and two terminal carhoxy groups which are 
esterificd with a thermosensitive poloxamer, such as Pluronic L1050. 

20 This central molecule further is polylactated at each hydroxy terminus, 
and end capped with acryloyl chloride. An another embodiment is a 
poloxamer including poly hydroxy groups polymerized on each end, and 
wherein the molecule is end capped at each end with a reactive group 
such as an acrylate or a secondary isocyanatc. 

25 The configuration of the macromers may be preselected depending 

on the use of the macromer. The macromers may include at least two 
hydrophobic blocks, separated by a hydrophilic block. The macromers 
also may be fabricated with a crosslinkable group which is separated by a 
degradable group from any other crosslinkable group. One preferred 

30 embodiment is wherein the dry macromer absorbs at least about 10% in 
weight of water. The molecular weight of the macromer preferably is at 



leas, 1000 Daltons. or opUonally is a, leas, 2000 Daltons. or in an 
alternative emoodiniem. at least 4000 Daltons. 

In a preferred embodiment, me macromer includes a. least one 
tnerrnanv sensiuve region, and an aqueous sohnion of me macromer is 
' capable of ge„i„g either ionidlv a„dA,r hv cov ., era „„ s 
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or me concentrate of macromer in the aqueous solution 
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5,078,994; and 5.429,826). the disclosures of which are incorporated 
herein by reference, are useful to form the macromers described herein. 

For example, the macromer may include a poloxamcr backbone 
extended with hydrophobic materials, such as oligolactate moieties, which 
serve as the biodegradable segment of the molecule, wherein the 
PEOPPO-PEO-lactatc copolymer is terminated by acrylatc moieties. The 
materials can be combined with, then delivered and photopolymerized u, 
situ, onto target organs to conform to a specific shape. 

The macromers and hydrogels formed therefrom preferably are 
biocompatible, preferably not causing or enhancing a biological reaction 
when implanted or otherwise administered within a mammal. The 
macromers. and any breakdown products of the hydrogels or macromers 
preferably are not significantly toxic to living cells, or to organisms. The 
hydrogels also may have liquid crystalline properties for example at high 
concentration, which are useful in controlling the rate of drug delivery. 
Ionic properties can be provided in the backbone of the macromers. 
conferring the further property of control of delivery and/or physical state 
by control of the ionic environment, including P H, of the macromer or 
gel. In one embodiment, the critical ion composition is the hydrogen ion 
concentration. For example, when a poloxaminc, such as a Tetronic 
surfactant, is used as the core of the macromer. then the resulting 
macromer has the ionic groups (amines) in the core, and the macromers' 
ability to gel upon changes in temperature is affected by the pH of the 
solution. 

25 Thermosensltlve Regions 

The macromers may be provided with one or more regions which 
have properties which are therraoresponsive. As used herein, 
thermoresponsiveness is defined as including properties of a hydrogel 
such as volume, transition from a liquid to a gel. and permeability to ' 
biologically active agents, which are dependent upon the temperature of 
the hydrogel. In one embodiment, the macromers are capable of 
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reversible gelation which is controlled by temperature. The reversible gel 
further optionally may be crosslinkcd in situ into an irreversibly and 
covalently crosslinked gel. This permits the macromer to be applied 
reliably in surgical applications on a specific area of tissue without 
5 running off or being washed off by body fluids prior to gelation or 
crosslinking. 

In one preferred embodiment, the macromers are capable of 
gelling thermoreversibly, for example, due to the content of poloxamer 
regions. Since gelling is thermoreversible , the gel will dissipate on 

10 cooling. The macromers may further include crosslinkable groups which 
permit the gel to be further covalently crosslinked for example by 
photopolymerization. After crosslinking, the gels are irreversibly 
crossliiikwd. However, they retain other significant thcrmoresponsive 
properties, such as changes in volume and in permeability. 

15 By appropriate choice of macromer composition, hydrogels can be 

created in situ which have thermosensitive properties, including volume 
changes and drug release which are dependent upon temperature, which 
can be used to control drug delivery from the hydrogel. Control of drug 
delivery can be further controlled by adjustment of properties such as 

20 hydrophobicity of amphophilic or other regions in the gel. Change in 
volume of the hydrogel may readily be measured by examination of 
macroscopic unrestrained samples during temperature excursions. 
Changes in excess of 100% in volume may be obtained with hydrogels 
formed from the macromers, such as an aery late -capped polyglycolide- 

25 derivatized poloxamer of about 30% PPO (polypropylene oxide) content, 
the expansion occurring gradually on change of the temperature from 
about 0°C to body temperature (37°C). Changes of more than 5% in any 
linear dimension may be effective in altering the release rate of a 
macromolecular drug. 

30 The macromers preferably include thermogelling macromers, such 

as "poloxamers", i.e., poly(ethy!ene oxide)-poly(propylene 
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oxide>-pol> (ethylene oxide) ("PEO-PPO PEO"). block copolymers. 
Aqueous polymeric solutions of poloxamers undergo microphase 
transitions at an upper critical solution temperature, causing a 
characteristic gel formation. This transition is dependent on concentration 
and composition of the block copolymer. Alexandridis et al., 
Macromolecules, 22 2414 (1994). The segmental polycthcr portion of the 
molecule gives water solubilirv and thermosensitivity. The material also 
advantageously have been demonstrated to be biocompatible. 

For example, the macromer may include a poloxamer backbone 
extended with hydrophobic materials, such as oligolactatc moieties, which 
serve as the biodegradable segment of the molecule, wherein the 
PEO-PPO-PEO-lactate copolymer is terminated by aery late moieties. The 
materials can be combined with a bioactive agent, then delivered and 
photopolymerized in situ. In addition to poloxamer cores, meroxapols. 
such as "reversed Pluronics" (PPO-PEO-PPO copolymers) and 
poloxamines. such as Tetronic™ surfactants, may be used. 

Other polymer blocks which may be provided in the monomer 
which are capable of temperature dependent volume changes include 
water soluble blocks such as polyvinyl alcohol, polyvinylpyrrolidone, 
polyacrylic acids, esters and amides, soluble celluloses, peptides and 
protrins, dextrans and other polysaccharides. Additionally, polymer 
blocks with an upper critical point may be used, such as other 
polyalkylene oxides, sucn as mixed polyalkylene oxides and esters, 
derivatized celluloses, such as hydroxypropylmethyl cellulose, and natural 
gums such as konjac glucomannan. 

In another embodiment, the macromer is defined as having an 
optically anisotropic phase at a concentration at or below the maximal 
solubility of the macromer in an aqueous solution, at a temperature 
between about 0 and 65 °C. 
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Crosslinkable Groups. 

The macromcrs preferably include crosslinkable groups which arc 
capable of forming covaleiu bonds with other compounds while in 
aqueous solution, which permit crosslinking of the macromcrs to form a 
gel, either after, or independently from thermally dependent gellation of 
the macrcmcr. Chemically or ionically cmssltnlcable groups known in the 
art may be provided in the macromers. The crosslinkable groups in one 
preferred embodiment are polymerizable by pbotoinitiation by free radical 
generation, most preferahly in the visible or long wavelength ultraviolet 
radiation. The preferred crosslinkable groups are unsaturated groups 
including vinyl groups, allyl groups, cinnamates. acrylates. diacrylates. 
oligoacrylates. methacrylates. dimethacrylates. oligomethoacrylates. or 
other biologically acceptable photopolymerizable groups. 

Other polymerization chemistries which may be used include, for 
example, reaction of amines or alcohols with isocyanate or isothiocyanate, 
or of amines or thiols with aldehydes, epoxides, o.xiranes, or cyclic 
imiocs; where cither the amine or thiol, or the other reactant, or both, 
may be covalcnUy attached to a .nacromer Mix'ures of covalent 
polymerization systems arr also contemplated . Sulfonic acid or 
carboxylic acid groups may be used. 

Preferably, at le?j;t a portion of the macromers will have more 
than one crosslinkable reactive group, to permit formation of a cohetent 
hydrogel after crosslinking of the macromers Up to 100% of the 
macromers may have more than one reactive group. Typically, in a 
synthesis, the percentage will be on the order of 50 to 90%. for example. 
75 to 80%. The percentage may be reduced by addition of small 
co-monomers containing only one active group. A lower limit for 
crosslinker concentration will depend on the properties of the particular 
macromer and the total macromer concentration, but will be at least about 
3% of the total molar concentration of reactive groups. More pref-rably, 
the crosslinker concentration wiU be at least 10%, with higher 
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conceptions, such as 50% to 90%. being optimal for maximum 
reunion of many dnigs . Option^, a, least pan of the cross.inVing 
funcuon may be provided by a low-molecular weight crosslinker When 
the drug to be delivered is a macromolecule. higher ranges of polyvalent 
macrcmers (i.e.. having more dun one reacts group) are preferred If 
che gel is to be biodegradable, as is preferred in most applications, then 
the crosslink^ reactive group, should be separated from each other by 
b,odegradab.e link,. Any linage to be biodegradable under ,„ 

C0nditiOnS ™ y * SUitab,C « «* - » *gradab,e polymer block 
The use of ohylenically unsaturated groups, crossing by free radical 
polymerization with chcm.cal and/or photoactive initiators. U preferred as 
the crossJinkable group 

The macromer may also include an ionically charged moiety 

crosslmlunj of the macromer. 
Hydrophobic Regions 

The macromer. Amber may include hydrophobic domains The 
Mrophobici.y of .be gei may be modifled „ .„„ dm, de, iwy „ r ^ 
mm.na.ona, confign^on of *. rcgjons ^ 

~ i„ che macnomera which in a^eeua ^ ^ „ 
form ccur domain. ^ hydrophobic regions „ riented ^ 
-nor of .heac domain, (the -core", ^ ^ „ ydn , mic 
onen, on .he ea.cr.or ( "cbe coron.-,. Theae microscopic -cores- „„ 

7 "™ ~« micrceeaervoira for susuined 

drug reie^ K.u„U K., e, /. Co^Wfo,^. y „,. 

^ ^""^ P«n«er of Una supramoiec.iar .« mblig e of 
arophipbilic polymers i„ ^eous soMon u the Critic* Micellar 
Conce.ur.uon (CMC,, which can he defmed « U« l0 wea, conception 
" ^ - nucromoiecadea begin » seif-asaembie^T 

se.ecUon of te hydrophiiic and od*r domain,, drug debvery can be 
controlled and enhanced. 
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In one embodiment, the macromers arc provided with at least one 
hydrophobic zone, and can form micelles including a region in which 
hydrophobic materials will tend to bind and thus tend to reduce escape of 
the drug from the formed gel. The hydrophobic zone may be enhanced 
by addition of materials, including polymers, which do not contribute to 
the formation of a ge! network but which segregate into such zones to 
enhance their properties, such as a fatty acid, hydrocarbon, lipid, or a 
sterol. 

The ability of the macromonomers in one embodiment to form 
micellar hydrophobic centers not only allows the controlled dissolution of 
hydrophobic bu rtive comr Minds but also permits the hydrogel to 
selectively -expand" and "contract" around a transition temperature. This 
provides an "on-ofT thermocontrol switch which permits the thermally 
sensitive delivery of drugs. 

The cell membrane is composed of a bilaycr with the inner region 
being hydrophobic This bUayer is believed to ha sc a fluid and dynamic 
structure, i.e., hydrophobic molecules can move around in this structure. 
A hydrophobic ail incorporated in a macromer can diffuse into this lipid 
bilaycr and result in the rest of the macromonomer (thus, the hydrogel) to 
better adhere to the tissue surface (see Figure 11). The choice of 
molecular group to be used as hydrophobic tail is guided by the fatty acid 
composition of the bilayer to assure minimum perturbation of the bilayer 
structure. Examples of suitable groups are fatty acids, diacylglycerols, 
molecules from membranes such as phosphatidylserine, and polycyclic 
hydrocarbons and derivatives, such as cholesterol, cholic acid, steroids 
and the luce. Preferred hydrophobic groups for this purpose are normal 
constituents of the human body. These molecules will be used at a low 
concentration relative to native molecules in the membrane. 

Use of macromers carrying one or mote hydrophobic groups can 
improve the adherence of a hydroget to a biological material by anchoring 
a segment of the hydrogel in the lipid bilayer. This anchoring will cause 
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minimal perturbation to the underlying tissue because the insertion of the 
fatty acid terminal of the macromer into the lipid membrane involves 
purely physical interaction. The macromer may be applied by using a 
prewash of the surface with these molecules, in effect •preparing' the 
surface for coupling and/or an in situ photopolymcrization of a mixture of 
these lipid-penetrating molec Jes with the crosslinkable macromers. 

The hydrophobic region may include oligomers of hydroxy acids 
such as lactic acid or glycolic acid, or oligomers of caprolactone. amino 
acids, anhydrides, orthoestcrs. phosphazenes, phosphates, polyhydroxy 
acids or copolymers of these subunits. Additionally the hydrophobic 
region may be formed of polypropylene oxide), polyfburylene oxide), or 
a hydrophobic non-block mixed poly(alkylene oxide) or copolymers 
thereof. Biodegradable hydrophobic polyanhydrides are disclosed in. for 
example. U.S. Patent Nos. 4.757.128. 4.857.311. 4.888.176. and 
4.789.724, the disclosure of which is incorporated by reference herein. 
Poly L-lacdde. or poly D.L-Iactide for example may be used. In another 
embodiment the hydrophobic region may be a polyester which is a 
copolymer of poly(lactic-co-glycolic) acid (PLGA). 

The macromer also may be provided as a mixture including a 
hydrophobic material non-covalcntly associated with the macromer, 
wherein the hydrophobic material is. for example, a hydrocarbon, a lipid, 
a fatty acid, or a sterol. 

Hydrophilic Regions. 

Water soluble hydrophilic oligomers available in the an may be 
incorporated into the biodegradable macromers. The hydrophilic region 
can be for example, polymer blocks of polyethylene glycol), 
polyethylene oxide), polyvinyl alcohol), polyvinylpyrrolidone). 
poly(ethyloxazoline). or polysaccharides or carbohydrates such as 
hyaluronic acid, dextran, heparan sulfate, chondroitin sulfate, heparin, or 
alginate, or proteins such as gelatin, collagen, albumin, ovalbumin, or 
polyamino acids. 
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Biodegradable Regions 

Biodegradable molecules or polymers thereof available in the art 
may be incorporated into the macromers. The biodegradable region is 
preferably hydrolyzable under in vivo conditions. In some embodiments, 
the different properties, such as biodegradability and hydrophobicity or 
hydrophilicity, may be present within the same region of the macromer. 

Useful hydrolyzable groups include polymers and oligomers of 
glycolide. lactide. epsilon-caprolactone. other hydroxy acids, and other 
biologically degradable polymers that yield materials that are non-toxic or 
present as normal metabolites in the body. Preferred poly(alpha-hydroxy 
acids) are poly(glycolic acid). poly(DL-lactic acid) and poly(L-lactic 
acid). Other useful materials include poly(amino *cids), polycarbonates. 
poly(anhydridcs). poly(orthoestcrs). poly(phosphazines) and 
poly(phosphoestcrs). Polylactones such as poly (epsilon-caprolactone), 
poly(delta-caprolactone). poly(delta-valerolactone) and 
poly (gamma -butyrolactone). for example, are also useful. The 
biodegradable regions may have a degree of polymerization ranging from 
one up to values that would yield a product that was not substantially 
water soluble. Thus, monomeric. dimeric. trimeric. oligomeric. and 
polymeric regions may be used. 

Biodegradable regions can be constructed from polymers or 
monomers using linkages susceptible to biodegradation, such as ester, 
peptide, anhydride, orthoester. phosphazine and phosphoester bonds. The 
time required for a polymer to degrade can be tailored by selecting 
appropriate monomers. Differences in crystaUinity also alter degradation 
rates. For relatively hydrophobic polymers, actual mass loss only begins 
when the oligomeric fragments are small enough to be water soluble. 
Thus, initial polymer molecular weight influences the degradation rate. 



WO 97/051 85 



PCT/US96/i;:85 



17 

Therapeutic Applications 

Biodegradable, temperature responsive hydrogels can be formed in 
situ and may be use in a variety of therapeutic applications including 
surgical applications. In one embodiment the gels can be applied topically 
5 to the skin to treat a variety of conditions such as abrasion, keratoses. 

inflammatory dermatoses, injury resulting from a surgical procedure, and 
disturbed keratinization. The hydrogels may include therapeutic agents 
such as antibiotics, or antifungals for the localized treatment of different 
skin conditions. 

10 Macromers which are liquid at room temperature and gel at body 

temperature, such as macromers including a Pluronic™ poloxamer, may 
be used in treatment of burns and other external injuries. The hydrogels 
are useful in burn applications, since the hydrogel layer formed on the 
skin provides local or transdermal delivery of drug to the bum site; 

15 maintains high moisture levels on severely burned sites, thus dirninishing 
dehydration; adheres strongly to the damaged tissue, and is elastic, thus 
minimizing dclamination and "peeling" of the hydrogel dressing; and 
absorbs exudate from the wound. Hydrogels may be selected which 
dissolve into components which are absorbable and non-toxic, which 

20 promote healing, and gel spontaneously and quickly on the burn site, 
prior to optional further crossl inking. 

The macromers also may be applied to biological tissue, or on the 
surface of a medical device, to form hydrogels in a variety o. surgical 
applications for the treatment of tissue or organs. The gel also may be 

25 applied between two surfaces, such as tissue surfaces, to adhere the 

surfaces. The hydrogels may be applied to tissue such as vascular tissue, 
for example for the treatment of restenosis of the arteries or in 
angioplasty procedures. A biologically active material may be provided 
in the gel optionally in the form of particles, microparticles. pro-drug 

30 conjugates, or liposomes. The macromers may be designed such that the 
crosslinked gel changes in permeability in response to a change in 
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temperature, ionic concentration or a change in pH, thereby altering the 
rate of drug release from the hydrogcl. 
Drug Delivery 

The macromers may be crosslinked reversibly or irreversibly to 
5 form gels for controlled drug delivery applications. The composition and 
properties of the macromers can be selected and fabricated to produce 
hydrogels with desired drug delivery properties. The drug may be 
provided in the macromer solution prior to or after administration, and 
either before or after gel formation, depending on the macromer 
10 composition. 

For example, the gels can be designed to have a selected rate of 
drug release, such as first order or zero order drug release kinetics. For 
specific drugs, such as peptides, the composition of the gel may be 
designed to result in pulsatile or mixed wave release characteristics in 
15 order to obtain maximum drug efficacy and to minimize side effects and 
tolerance development. Bae et al.. Pharmaceutical Research, £: 531 
(1991). 

The drug release profiles can be selected by the use of macromers 
and gels formed therefrom that respond to specific external stimuli such 

20 as ultrasound, temperature. pH or electric current. For example, the 

extent of swelling and size of these hydrogels can be modulated. Changes 
induced in the swelling directly correlate to the rate of release of the 
incorporated drugs. Through this, a particular release profile may be 
obtained. The hydrogels are preferably biodegradable so that removal is 

25 not required after administration or implantation. 

The gels permit controlled drug delivery and release of a 
biologically active agent in a predictable and controlled manner locally at 
the targeted site where it is needed, when the tissue to be treated is 
localized. In other embodiments, the gels also can be used for systemic 

30 delivery. 
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A variety of therapeutic agents can be delivered using the 
hydrogcls. Examples include synthetic inorganic and organic compounds, 
proteins and peptides, polysaccharides and other sugars, lipids, 
gangliosides, and nucleic acid sequences having therapeutic, prophylactic 
or diagnostic activities. Nucleic acid sequences include genes, antisense 
molecules which bind to complementary DNA to inhibit transcription, and 
ribozymcs. The agents to be incorporated can have a variety of biological 
activities, such as vasoactive agents, neuroactive agents, hormones, 
anticoagulants, immunomodulating agents, cytotoxic agents, antibiotics, 
antivirals. antisense, antigens, and antibodies. Proteins including 
antibodies or antigens can also be delivered. Proteins are defined as 
consisting of 100 amino acid residues or more; peptides are less than 100 
amino acid residues. Unless otherwise stated, the term protein refers to 
both proteins and peptides. Examples include insulin and other 
hormones. 

Specific materials include antibiotics, antivirals. 
antiinflammatories, both steroidal and non-steroidal, antineoplastics, anti- 
spasmodics including channel blockers, modulators of cell-extracellular 
matrix interactions including cell growth inhibitors and anti-adhesion 
molecules, enzymes and enzyme inhibitors, anticoagulants and/or 
antithrombotic agents, growth factors, DNA. RNA, inhibitors of DNA, 
RNA or protein synthesis, compounds modulating cell migration, 
proliferation and/or growth, vasodilating agents, and other drugs 
commonly used for the treatment of injury to tissue. Specific examples of 
these compounds include angiotensin converting enzyme inhibitors, 
prostacyclin, heparin, salicylates, nitrates, calcium channel blocking 
drugs, streptokinase, urokinase, tissue plasminogen activator (TP A) and 
anisoylated plasminogen activator (TP A) and anisoylated plasminogen- 
streptokinase activator complex (APSAC), colchicine and alkylating 
agents, and aptomers. Specific examples of modulators of cell 
interactions include interleukins, platelet derived growth factor, acidic and 
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bas* fibroblast growth factor (FGF). transfonnauon growth factor fl 
(TGF 6). epidermal growth factor (EOF), insulin-like growth factor and 
anybodies thereto. Specific examples of nucleic acids include genes 'and 

cDNAs encoding proteins, expression vectors, antisense and other 
• oligonucleotides such as ribozyn.es which can be used to regulate or 

prevent gene expression. Specific examples of other bioactive agents 

"Kludc .modified extracellular matrix compouents or their receptors, and 

lipid and cholesterol sequestrants. 

Exampiea of pro.eins (unbar include cystines such „ interferons 
rnrerleulons. ^ tM ^.^^ fjctots 
-.udc Srly, Uwia- which has been shown , 0 bind , 0 
selectu* u. Inhibit inflation. A "Deliverable growd, factor 
cquivlc- (abbreviatod DOPE,. a growd, factor for . D[ 
b«us«..„nichlsb ro ad, y< :on S m 1 e< lilstac luding growh f,« l > rs ' 

aibberenrns and vilamins; ^ ^ or 

other acuve fragment of the above; aM ft,^ ^ . 

nurteic aci< .con*™, capable of sluing such (actors In 
"Us. whether by tnnsforrnadoo or .anaen, expression; and fcnher 
■"eluding effectors which stimulate or depress the synthesis of such 
facrors in the tissue, including „nmU signal 

trrplex nucleic acids, and the like. Exemplary dope-, m VMcu]ar 
baarc fibroblarf growd, factor (bFGF), bone rnorpnogeneuc protein 

r2,"l P T ^ - "-ding 

for them. Ex«npUry clo, dissolvtag agents em tissue plasminogen 
acuvator. streptolcuase, ucotin.se ami heparin. 

Drug, having antioxidant activity (i.e.. desmoymg or preventing 
formation of active oxygen) may be provided in dae hydrogc, which L 

superox.de dtsmuta*. or other proteu, thugs include catalases. 
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peroxidases and general oxidases or oxidative enzymes such as 
cytochrome P450. glutathione peroxidase, and other native or denatured 
hemoprotcins. 

Mammalian stress response proteins or beat shock proteins, such 
as heat shock protein 70 (hsp 70) and hsp 90, or those stimuli which act 
to inhibit or reduce stress response proteins or heat shock protein 
expression, for example, flavonoids. may be provided in the hydrogel. 

The macromers may be provided in pharmaceutical acceptable 
carriers known to those skilled in the art. such as saline or phosphate 
buffered saline. For example, suitable carriers for parenteral 
admins tration may be used. 

Administration of Macromers 

Modern surgical procedures which provide access to a variety of 
organs using minimally invasive surgical devices may be used to apply the 
macromers. Using techniques such as laparoscopy /endoscopy, it is 
possible to deposit a macromonomer solution at a localized site and 
subsequently polymerize it inside the body. This method of "on-site" 
polymerization offers unique advantages such as conformity to specific 
organs and adherence to underlying tissue. Hill- West J. L. et al.. 
Obstetrics <t Gynecology, 52:59 (1994). Catheter delivery systems 
available in the an also may be used as described, for example, in U.S. 
Patent Nos. 5.328.471 and 5.213,580 to Slepian. The macromer also 
may applied during surgery conducted through the cannula of a trocar. 
Formation of Microspheres 

In one embodiment, the biodegrabable macromers are crossl inked, 
either reversibly or nonreversibly to form microspheres. As used herein, 
the term "microspheres" includes includes particles having a uniform 
spherical shape or an irregular shape, and microcapsules (having a core 
and an outer layer of polymer) which generally have a diameter from the 
nanometer range up to about 5 mm. In a preferred embodiment, the 
microspheres are dispersed in biocompatible, biodegradable hydrogel 
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matrices. Tlie microspheres are useful for controlled release and targeted 
delivery of dmgs within the body. 

The microspheres arc formed in one embodiment by aggregation 
and subsequent polymerization of portions of the macromers which are 
5 similar in charge properties such as hydrophilicity. This results in a 

matrix which consists of spontaneously-assembled "nodes*, which may be 
crosslinked covalently, and may be further covalently linked to 
hydrophilic bridges of the macromers to form a hydrogel. 

When the macromer is amphiphilic and include* hydrophobic and 

10 hydrophilic domains, in an aqueous environment, at or above a certain 
concentration, the molecules to arrange themselves into organized 
structures called micelles, at the critical micellar concentration (CMC). 
These micelles can be of different shapes and sizes, though are generally 
spherical or elliptical shape. When the solution is water, the hydrophobic 

15 portions are at the center of the micelle while the hydrophilic tails orient 
themselves toward water. The interior core of a typical surfactant has a 
size from 10-30 Angstroms. Pluronic™ poloxamer based biodegradable 
macromers. as described in Example 1, undergo micellization in an 
aqueous environment with CMC values ranging between 0 and 5% (w/v). 

20 After photopolymerization and gelation, this micellar structure is 

preserved in the crosslinked gel. On a microscopic level, the gel contains 
micelles which are interconnected by covalent bonds to form the gel. 
These micellar domains or microspheres can be used for the controlled or 
sustained release of drugs. A schematic representation of such a material 

25 is shown in Figure 12. Controlled, pseudo-zero order release of small 
compounds such as chlorohexidine is possible from such hydrogels. 

The hydrogel thus is formed in one embodiment by providing a 
solution of macromer in aqueous solution (with or without drug); 
"freezing" the micellar structure of the macromer by a chemical 

30 crosslinking via a chemical reaction; adding the drug to the crosslinked 
macromer if it has not been already added; and using the resultant 
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dispersed composite, conuining microspheres consisting of drug-attracting 
miceliar cores, for drug delivery. 

In addition to photopolymerization, crosslinking can be 
implemented by. for example, isocyanate-amu* chemistry, or hydroxy- or 
aldchydc-arniit; chemistry, to freeze miceliar structure. For example, 
isocyanaie terminated poloxamer lactate diol can react in water to forni 
crosslinkcd polyurethanc based networks. This is an advantageous 
method of forming a drug delivery device for local or systemic delivery, 
because the formation of tlx: delivery-controlling micropl-eres and the 
microsphere-conrining ge! is accomplished simukweously, and may be 
accomplished at the site of delivery in a few seconds by 
photopolymerization . 

In one embodiment tne macromer includes PEO segments, and 
hydrophobic "ends" containing reactive groups, and the miceliar domains 
are hydrops and are interlinked by the PEG segments to form a 
bydrogel. Reversible gelling microsphere -lorming macromers also may 
be made from Pluronics™ (PEG-PPO-PEG). lactylated and 
acrylate^apped, which are gelled and reacted in a non-aqueous phase. A 
hydrophilic drug then may be added (while in the hydrophobic solvent) 
which partitions to the hydrophilic core. Because the micelles have been 
cross-linked in the hydrophobic environment, they will not be able to 
revert to the conformation which they would normally assume in a 
hydrophilic environment. The trapped hydrophilic drug molecules then 
need to diffuse through a relatively hydrophobic region to escape from the 
nanoparticle. This permits flexibility in the formation of microspheres. 
They may be hydrophilic or hydrophobic depending on the solvent in 
which they are polymerized, and on the composition of the macromers. 

In other embodiments, physical or chemical crosslinking to form 
hydrogels (or organogels) can occur in zones other than those responsible 
for the primary sustained release characteristics of the matrix. For 
example, "single-ended" materials could have alternative reaction sites on 
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The crossl inked microspheres containing a biologically active 
agent, in either ^cl or dispersion form, can be made in * smg i c stcp . Ifl 
addition to drug delivery applications, the method is suitable for 
non-medical uses including delivery of agricultural materials such as 
herbicides and pesticides and in water treatment 

The present invention will be further understood by reference to 
the following non- limiting examples. 

Example 1: Synthesis and Thermal Respo^veness of 
F127-(Lactate)6-Acrylaic. 

a) Synthesis 

F127-(lactate)0-acrylate (unlactated control) ( = F127A2?) was 
synthesized by acrylatinglOO g of Plutonic™ F127 (polypropylene oxide- 
polyethylene oxide block copolymer. BASF, mol. wt. 12000) CF127") in 
anhydrous toluene using triethylamine and acryloyl chloride, m an argon 
atmosphere at 60 "C for 10 minutes. The hot. turbid reaction mixture was 
Fdtered and the filtrate was added to a large excess cf bexant. The 
monomer was collected by vacuum filtration and dried in vacuum to a 
constant weight. 

F127-(lactate)6-acrylate was synthesized as follows. F127 was 
melt dried in vacuo at HXTC lor 4 hours. D.L-!actide (Boehrmger 
Ingelheim) was added to .he melt under a nitrogen Hush, followed by 
stannous octoate as a ring opening catalyst After a reaction amc of 4 
hours, the melt was dissolved in toluene and prec P ;tated in a large excess 
of hexane. Acrylation of F127-(lactate)6 was carried out as descrioed 
above for the acrylaticn of F127-.lactate)0-acry!ate. All macromonomers 
were characterized by NMR and HPLC. 

The relationship between the macromer. the themally-reversible 
(physical) gel, and the irreversible fcrosslinked) gel is shown in Figure 1. 

concentration and f -cwfj-g^ 
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Tbermoreversiblc gel formation of the aqueous solutions of the 
macromonorners at a certain transition temperature was demonstrated 
This transition temperature was recorded as a function of temperature and 
concentration. The results demonstrated that sol-ge! transits can be 
controlled through the incorporation of hydrophobic lactyl units. 

Transit.on temperature as a function of concentration was 
determined by preparing 2-r' w/v aqueous solutions of 
F.ZT-dactateMVacry.ate and Fl27-(Iactate>6- achate as stock solutions ,5 
% Cw/v). 12.5* .w/v). 10% (w/v) and 5% (w / v> rnacrcmonomer 
aqueousV solutions in screw cap via.s were prepared by Muuor* of the 
stcc k so!ution , ^ sc!utions m to ^ uijibratc ^ ^ 

v»als were inverted and observed for fluid flow. The concentration at 
wrnch no fluid flow was observed was recorded (see Table 1). 

The tradition temperature as a fuennon of temperature was 
determined by preparing 10% (w/v) aqueous solutions of 
FnT-dactatOo-acrylate and Fl27- (1 acute^acryia t e and equilibrating 
them at room temperature (Tne concentration of th, solution, are 
wtvvo.% in aqueous solution uales, otherwise stated.) The sample Vla is 
were unmersed in a temperature controlled bath and the fluid flow was 
observed at uifferent temperatures. The temperature at which no flurd 
flow was observed was recorded (see Table 1). 
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Macromonomcrs 


Sol-Gel 
Transition (% 

W/V)* # 


Sol -Gel 
Transition 

(ocr» 


F127 <Lacutc)0- 
Acrylatc 


30 


40 


F127-(l.acrate)6- 
Acrylate 


10 


25 



Sol -Gel Transition as a function of concentration 
(temperature 25°C) 

—Sol-Gel Transition of ICS w/v solutions as a function 
of temperature 

TABLE 1 

O-PplYrneriation and M swr gment of hydro g^^^^ 
A 105 solutwn of Fl27-<lactate)6-acrylate in p B <; (phosphate 
buffered saline) was polymerized using long wave VV light. The 
polyraerizations were performed in a cylindrical plastic mold. Darocnr- 
2959 (Ciba Geigy) was used as the pho»oiuitiator. The hydrogel was 
allowed to reach equilibrium swellin S by immersing in PBS for 24 hours 
at ambic;,t temperature. The change ,n dimension of the hydrogel at 
temperatures ranging from 0-50'C was measured using vernier calipers, 
and is shown in Figurr 2. At low temperatures, the hydrophobic PPO 
(polypropylene oxide) segments of the hydiogcl may dissolve and swell, 
and increase 4* dimensions >f the gel. At high temperatures, the PPO 
segments may become hydrophobic and collapse into micromiceUar 
hydrr,phob IC domains, which exclude water resulting in redr d swelling 
«:nd smaller dimensions. 

^-J^e^radatjon experiments, 

Hydrogels were prepared using 10% macromononier solution as 
mentioned before and the degradation of hydrogel was monitored 
gravimerrically at various intervals of time The experiments were 
performed at 37"C in PBS. The lactate based photopolymerized 
hydrrg-1 completely degraded in 22 days (at 37 8 C. in PBS). 
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Thus, the macrons can be photopolymcmcd to form 
thennorcsponsivc hydrogeU which degrade under physio.ogica. 
conditions. 

TI * and rouw phor ,n .nareriaU are refclted , Q 

* M ° ,her ° f «■» ■»» Polymer (e.g. . 8K f or 8 ooo 

. hydroxy ac* u denoteJ , D " ' 

P" m o( fc pc. ymer> . wtere L, O, C a* TMC or T repro^ 
"lively, lacrale. g, ycolate , cpsiio^^ ^ 
^.eoccarbo™,. AArop^,^^^ 
-«« acryla*. «» A2 woo,, repra£nl 2 lcI>1Jle ^ £ 
macromer as a whole. 

E*aniple2: DtMran Release by F127AJ. 
^ " 0 "^S^'"« ma.eri.1. F127A2 . w mde „ ^ 
~ Eaamp,, ,. with „„ ^ „ f ^ ^ ^ ^ 
polymer backbone. (IaWed Mlb ftuorescejii) of ^ 

7..000 daUom WB miTOj „ „ fiml cm 
macromer (filal 10 , ^ ta ^ 

descry „ E^p k , Rc ,_ of dnMn „ ^ « 

rrp^r - ' — * «~ - 

Eaan.pl. 3. Synth** of Macrooiers wW, Biodegra.UMe 

Linking Groups. 
Foot monomer types were made by the general p^^ 
de*r.fced fa Example , . eaeh contatoto, about 4 units or eac„ of f„„ r 
Afferent biode gn dablc Itokcrs. dcsign»,eo by L (be**) c 
(caprotocooe), G <g, y colide>. a* TMC <trune,uy,cn= carbonate, 

for the synods of ^ U.^osrove rn^ro—, are 
„, TaMe 2. Proper of „_ 
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Table 3, including biodegradable segment and end group incorporation by 
HPLC and NMR, and Mn determined by GPC and NMR. 



Compound 


M.W. 
(g/mole) 


PPO 

M.W. 


PEO 

M.W. 


Feed Ratio 
Monomer/ 
diol 


Temp 
"CI 

time 
(b) 


Yield 
(8) 


F127L4A2 


12600 


3780 


8820 


4 


180- 
190/5 


80.46 


F127C4A2 


12600 


3780 


8820 


4 


180- 
190/5 


81.38 


F127G4A2 


12600 


3780 


8820 


4 


180- 
190/5 


71.89 


F127TMC4A2 


12600 


3780 


8820 


4 


180- 
190/5 


79.29 



TABLE 2 
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U mono- 
1 mer 




Seg. 
Incorp. 


Seg. 
Incorp. 
(MNR) 


Group 
Incorp. 
(HPLC) 


End 
Group 
Incorp. 
(NMR) 


Ma 
GPC 


Mn 
NMR 
g/mol 


Mn | 
Expected if 
g/mol | 


F127- 
L4A2 


5.68± 
0.01 


5.58 


2.09± 
0.01 


2.00 


1080 
0 


11316 


12998 




F127- 
G4A2 


5.39± 
0.02 


5.04 


2.05± 
0.02 


2.31 


1080 
0 


10804 


12942 


F127- 
C4A2 


5.49± 
0.02 


5.45 


2.09± 
0.03 


2.11 


1000 
0 


13062 


13166 




} F127- 
TMC- 
[4A2 




3.26 


2.08± 
0.03 


2.09 


1210 
0 


NA 





TABLE 3 



Figure ^"Z^ ^ ST" ^ " *" 

■""dial (F127A2. .od f ™ <l ° C U Prior art 

block, ,o™^ ,MCro, " rS W * <tegrad * bfc "ydropi.obic 

forced o, tacUoe (P, 27UA2) . 8lycoIide » 

caprolactonc (F127C4A2. a i ^ 3X10 

between the lower and higher temn.™*, 

gncr temperatures, is obtained with the 

macromer* including the degradable blocks in cftm ■ 

material. In Figure 8 rh ,T companson to the prior art 

concenradon in the geTTor ^ 2 " 3 " * m ™ 

gel for the above materials and also a trimethylene 
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carbonate based materia] (F127TMC4A21 a -^v - 

with lacdderaRSjW^ ^ ^"P* ™tcna, 

(25R8L4A2). and a "normal' matcriaJ (F681AA2) of 
equivalent hydrophobicity. 

The HFF test was conducted as follows: 

a.) Preparation gfJggL 

0 5 gnun of tts . nuterial ™ dissolved fa 4 5 mI 
™»u„ n «,,„«.» « rgKm 12Ww)m _ ,„ piuronic 

" luuonw » ffl -^^o. 2miCTOafilter . to.J^ . 

rrr r 10 ,on8 ^ w ^ - ~. 

l minute) to form a gel. ' 
£) Preparation of T r |l Susoeniii nn, 

CO, Ce»s were douched from culure ^ 
tr>psin/EDTA sofcUoo <„. 03% /0 . 33 ^ „, ^ 

+ 10% PCS) u a concraoaiion of 250000 Mitotan. 

Hi 011 amtliintm ray 

"Hie * e,s wcre washed wito 3 ml DMEM (Dulbecco's Modified 
Median,, soloUon « taleiMrtt 25000 „ u J^f * 

Zl^T m,croscope " - n- .* «. 

oinL? ,* w deuched ^ 3 " ,i <° <** ' 
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Example 4: Effects or Linking Group Hydrophobic^ on 
Small Molecule Delivery. 

Micelle-forming biodegradable macromers were synthesized and 
characterized which included a a non-thermosensitive core. The 
macromers illustrated the effects of hydrophobic iry on delivery capacity 
for small hydrophobic molecules. The macromers were formed by 
synthesizing copolymers of PEG (molecular weight 8000) with different 
combinations of polycaprolactone and polyglycolate which were then end 
capped with aery late moieties. The structures are shown in Figure 9, 
where p is the number of glycolic acid groups and q is the number of 
caprolactone groups. Hydrophobic^ of the mixed hydroxy acid blocks 
increases from A to D. The rbility of these monomers to solubilize 
model hydrophobic drugs was demonstrated by a study of the CMC 
through the gradual dissolution of a molecular probe, 1.6 diphenyl 
1.3.5-hexatriene (DPH). 

effect of hydropbobicity on drug incorporation into gels 

a) svnthrsiy of m^mrnL 

The molecular structures of the monomers are shown in Figure 9 
Polyethylene glycol 8000 (Union Carbide) was melt-dried at I00-110-C in 
vacuum (10-15 mm Hg) for 4-6 hours. Caprolactone (predistilled 
Aldnch), and glycolide. were charged at appropriate ratios into a 
Schlenk-type reaction vessel and stannous 2-ethyl hexanoate (Sigma) was 
added as a ring opening catalyst. The reaction was carried out for 4 
hours in an inert atmosphere at 180°C. The reaction mixture was then 
cooled to 80-C, dissolved in toluene, precipitated in hexane and the 
product was collected by vacuum filtration. The product was redissolved 
in toluene and dried by azeotropic distillation 

Acrylation was carried out by the dropwise addition of a 2 molar 
excess of acryloyl chloride and triemylamine under a nitrogen flush at 
65-C for 1 hour. By-product salts were removed by vacuum filtration 
The product was isolated by precipitation in a large excess of hexane 
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by vacuum nitration. The monomers wcrc 
NMR on a Vanan 300 MHz nuCear magnetic 

(DPH) ? W !tT biC ^ 1A diPhCnyl ".«™e (AIdrich) , 
CDPH). winch demonstrates enhanced absorbance (356 nm) at the CMC 

associative interactions, was used in this study 
^..^cr^^,^^^ 7 Y Alexandra* 

nrw . . (I994) - A *«* solution of DPH was 

prepared in methanol CO 4 m\A\ » „ 

nrer^r^K „• Aqueous monomer solutions were 

prepared by dissolution in PBS and dilution fr> ts#. h . 

Sp^rae^r. c 250-500 nm range tumg , Hitachi UV-VIS 

C) Ph^ t ^ I y.| 17T|rrirT|n - )lLL 

HubbeD J. a. « „. ( 3> ' ^ W ° 93/17669 «>y 
200 nl of 10% monomer soluUon were UV ™i , 

* . d. w**. hy<ln;phobic of ^ 

UK n^ecule. The cnuea, rotation pota, was obtained ^ * 

CMC veiue, ^ aggregati0 „ _ pbMopolymeriMtioD ™* 
monomers are listed in Table 4. 
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Monomer 


Critical 
Micellar 
Concentration 
(%) 


Gel* Time 
Initiated 
Using UV 
Light (sees) 


Gel-* Time 
Initiated Using 
Visible Light 
(sees) 


Total 
Degradation | 
time (days) 1 


A 


0.92 


5.5±0.4 


8.9±0.1 


i 


B 


0.55 


5.8±0.1 


8.2 ±0.5 




C 


0.32 


5.2±0.2 


9.8±0.4 




D 


0.28 


4.6±0.1 


10.4±0.3 





^-Dimcthoxy-2-pbcnylacctophaionc as UV initiator, Long UV light, 20% 
' Eosin, triethanoUmine initiating system: green light source. 20% monomer 
TABLE 4 



The CMC value is lowered with increase in caproatc content of the 
monomer. This may be due to the tighter aggregation of the hydrophobic 
caproate moieties. The fast gelling ability of these monomers under UV 
and visible light is illustrated in Table 4. The gel times range between 
4-12 seconds. The pbotopolyraerized hydrogels degrade under aqueous 
conditions. The degradation times, tin es to substantially complete 
dissolution, varied from 10-44 days, increasing with cap/gly ratio. The 
fast gelation times of these monomers, their ability to dissolve 
hydrophobic solutes and their controlled degradation rates render them 
excellent candidates for localized drug delivery. 

E»mple 5: Synthesis of Macrotners Forming 
Liquid Crystal Phases. 

a) Svntheris of Macromers 

P105L4A2, P84L5A2 and T904L5A2 macromer, were synthesized 
by standard procedures, generally as described in Example I, from 
commercial base polymers (P105 Plu^nic~ poloxamer; T904 Tetronic 
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four- aimed ionic-group containing polaxamer, P84 Pluronic~ reverse 
poloxamer. or meroxapol). 

bj Charac tC ri 7fl fion of optica] effects and dm, rri ^ P rTrT r? 
Aqueous solutions were prepared, and observed for anomalous 
optical effects ("Schlieren") without ciosslinking. Rates of release of a 
drug were observed, wherein the drug had a molecular weight about 500 
D. and substantial water solubility, as well as a hydrophobic region. 

Aqueous solutions of all three macromers formed -Schlieren" type 
liquid crystalline phases at concentrations of 55% and higher, at room 
temperatures. A temperature study of the LC phases showed that the LC 
phases for P84L4A2 and T904L4A2 are not stable at temperatures higher 
than 30-35-C. The LC phase for these two polymers "phase separates" 
into two phases at T>35»C. one being an isotropic polymeric phase that 
is not transparent to light and another phase that seemed to consist of 
water. In contrast, a concentrated tohition of P105L4A2 (75%w/v) 
displays a highly anisotropic LC phase that maintains its stability to 
temperatures up to 1 10°C. 

Aqueous solutions of P105L4A2 (in high concentrations) formed a 
highly anisotropic liquid crystalline phase (LC phase) that results in good 
drug entrapment to slow down release. It was also observed that 
P84L5A2 and T904L5A2 had significant differences in the self-assembling 
characteristics (LC). It is possible that the drug is entrapped in the stable 
highly oriented LC Phase of a pl05L4A2/water system. P84L4A2 and 
T904L4A2 form LC phases with water, but these phases are not stable 
above 30-35-C. At higher temperatures, the drug as well as some of the 
water are excluded from the polymeric domains. 
EXAMPLE 6. Treatment of Burns. 
The pluronic poloxamer based macromonomers. such as 
F127-TMC acrylate. have a "paste-like" consistency at temperatures 
above 37»C, and have flow characteristics at low temperatures. A "cool- 
formulated so.uuon, optionally containing an appropriate drug (such as an 
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antibiotic) is poured on a burn site, providing instant relief. At body 
icmperatures. the formulation gels to a paste like consistency. The gel is 
then crosslinks, preferably by the action of light on an included 
photoinitiator. The characterization of photopolymerized hydrogels as 
carriers for therapeutic materials to influence wound healing is described 
m Sawhney et al . The 21st Annual Meeting of the Society for 
Biomaterials." March 18-22. 1995. San Francisco. CA. Abstract the 
d^closure of which is incorporated herein by reference. 

The hydrogel layer on the skin provides transdermal delivery of 
drug to the bum site; maintains high moisture levels on severely burned 
sites, thus preventing dehydration; adheres strongly to the damaged tissue 
and is elastic, thus preventing delamination and -peeling" of the hydrogel ' 
dresstng; and absorbs exudate from the wound. After a suitable time 
controlled by the nature of the lining group (trirnethylene carbonate in this 
example, giving a residence time of over a week), me gel will dissolve 
mto components which are absorbable or innocuous. It has been 
demonstrated in other experiments that related gel formulations, based on 
a polyethyleneglycol backbone such as the material 8KL5A2 (i e PEO of 
molecular weight 8,000. 5 lactate groups on each end terminated 
wtth acrylate groups), do not retard the healing of full thickness biopsy 
wounds in rat skin. The pentablock polymer F127-TMC acrylate of 
Example 3 is improved in comparison to the prior-art 8KL5A2 
polyethylene glyco.-based triblock formula in that it g e,s spontaneous* on 
the burn stte. and thus does not tend to run off the site before it can be 
photocrosslinked. 

EXAMPLE 7: Use of Hydrophobic Macromers to 

Increase Tissue Adherence. 
Use of macromers carrying one or more hydrophobic groups can 
improve the adherence of a hydrogel to a biological material A 
macromer having having this property was synthesised. The base 
poiymer was a Tetronic™ 4-armed polymer based on ethylene diamine 
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where each arm is a PEG-PPO-PEG iriblock copolymer. The base 
polymer was extended with lactide as previously described in Example 1, 
and then capped with about two moles of palmitoyl chloride per mole of 
polymer, in order to cap about half of the arms. The remainder of the 
hydroxy Is were capped with acroyl chloride, as described in Example 1. 
The resulting macromer was dispersed in water and was polymerized in 
contact with tissue, to which it adhered tenaciously. 
Example 8: Formation of Microspheres 
Pluronic™ based biodegradable macromers made as described 

above above, such as the materials of Example 3. in an aqueous solution 

formed micelles with a CMC value ranging from about 1% to5 % w/v. 

After photopolymerization. the structure of the micelle is substantially 

preserved. 

Example 9: Synthesis of FLTMMmer Isocyanate-F127 
Lactate Acrylate 

Two molecules of a macromer did (Pluronic F127) are coupled 
with one molecule of a diisocyanate (dimer isocyanatc) to produc C higher 
d.- and tri- functional alcohols, to provide macromers with high elasticity, 
high distensibility and high tissue adherence. 

The following reagents are used; Pluronic F127 (BASF lot # WPM 
N 581B. Mn= 12200); dimer isocyanate (DDI-1410, Henkcl Lot* HL 
20037. % NCO=14.1%); and dibutyltin dilaurate. 

Synthesis of F127-DDI-F127: 366 g of Pluronic F127 was heated 
to 100-C under vacuum for four hours to produce a melt. DDI-1410 
(8.94g) and dibutyltin d.faurate (0.115g) was added to the melt (melt 
temperature 70»C) and stirred vigorously for 4 hours. The mixture 
readiiy cr> stalls when cooled. Product was a white waxy crystalline 
material. Theoretical molecular weight -24 ,996 Dal tons. 

Synthesis of F127-DDI-F127 Lactate, diol: lOOg of F127-DDI- 
F127 was dried for 4 hours under vacuum at 100°C. 4.67 g of (D L) 
Lactide was charged to the reaction pot under an argon flush. Stannous 
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5 DDI P £tT FI27 ' DD, - F ' 27 U '-> .00, of Fm . 

~ bcu, * m tiTO , ^ turt>id C^Aft^ 

' 5 The "° leCUUr !trJC0 ' re *— *— was ca™, » by NMR - 
gnt. Percent water uptake of fully cu,^ ]0%w/w 

*> we., ^ °" ^ — — — *- * ^ 

P105-DDI-PI05 hcu tt aco-latt and LSI Dm . », , 
was synliesiied from ,h. LSI-DDI LSI Jactaie achate 

insoluble in water tw naacromers were 

or ^ r ™ m ^ ° ^ 
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« no-c ^ r ^ ^ ^ „„ m 

100 C for ,2 hours Uttler vlcullm <12 „ g) ^ ^ ^ ^ 
^.cooled ,„ roor. ^ ^ 200 „, of ^ ^ 
added ■„ Uv, region llMt . 0 445 g of isophorone ( 

of dttattylfn iaurata was „ fc rcacUon ^ ^ 

TJ^ "* on 31 30 " c "* 12 — • - P-**- * 

1000 ■„, of bexane (EM White fl^ s were 

v»n r. lM uo„. ^ rinsed vm 1J0 „„ of ^ ^ rrodun 
dned u, , vacuutn ,„ «, . Mns[ant ^ ^ 
nt showed synthesis of the expected material. 

The r^yrnemabilit, of F127-DDI-F127 i^horone iwyiMle 
was evaiuated Panu,,, dried product was added to , 44 g of 

wTt T ^ iaiti,,,y fom " ta — ^ 

*e„ delved over appro„nate,y , , 0 , om , ^ 
«**-■ To tea. po^hi,*,. i00 ^ „ FI2 , DDI F(27 
-cyaoatesotuoooofpoiyethvie^o,^^^ ^ 

«• observed. Ce, tin,, „ ^ p^,^.^ J 

.^Tt h" ^ f0m, "' aS0 ° *" * ~ — ^ or 
' , ° P "' '» «™on. stores forced of the. 

materals can be used as dn)g 

Example l 1: Effect of Hydruphobf dty ou Drug Release 
Kinetics for Built Devices. 

Macrotners were synthesized having , wide rang, of 

M ° % PTO A » were 

-« « .>% tnacrotner concentrate except those whose PPO cor.cn, 

7 ^ *" "* — - F — » *-» *e rafc o, 

^ of a — B dntg frt « ^ of ^ ^ At ,0 and , S 
nucrocer loading (8KL.0. prior a* «u«. baMd . , 
PK-ntc poly.net, and PPO cotuen, of ,ess than «„ hydrophohic 
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partitioning did not show a significant effect on prolonging 500 Da 
sparingly soluble drug release. Devices prepared with neat macromei J 
(PPO content > 60%; P84L5A2 and LS1L5A2. synthesized by general 
procedures as described above) showed a significant ability of these highly 

5 hydrophobic, dense macromers to retard water permeation and drag 

dissolution. In the extreme case (L81LSA2; PPO content - 90%). the 
release kinetics showed first order release with half of the drug being 
released from the device over 17 days with the remainder being eluted 
from the device over a total of 66 days. 

10 Example 12: Effect or Polymer Hydrophobicity on Drug 

DlfTusivity 

Membranes of constant thickness were prepared from neat 
macromers of Example 1 1 . and used as the diffusion barrier in a two 
compartment dialysis cell. Figures 14 ind 15 show the increase in the 
15 concentration of 500 Da drug in the receptor side of the cell over time. 
The diffusion coefficient calculation was based on the following 
relationship: 



D=J/(A*(dC/A X ) 

20 

where D is the diffusion coeffici=nt. J is the measured flux, A is the 
exposed area of the film. AC is the concentration gradient across the film 
and Ax is the average film thickness. The diffusion coefficients for 
macromers having 50% (P105L5A2) or 90% (L81L5A2) relative 

25 hydrophobic domain and were calculated to 1 ^xlO'crnVsec and 5.63x10 
10 cnrVsec, respectively. Thus, diffusion 'vas faster in the more 
hydrophobic mat-rial, as r-xpecced for a drug of low water solubility 
Example 13: Release or Tetracycline and Taxol 
A 30% w/w solution of F127 trimcthylene carbonate acrylate (as 

30 described in Example 3) in phosphate buffered saline, ^117.4 was 

prepared. 3000 ppm Darocur* (Ciba Geigy) was incorporated in the 
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solutions as phofoiniiiatur. Tetracycline (free base, crystalline. F W 
444 44) was incorporated in ihe macromer solution by equilibration for 12 
hours at 37 degrees C Then. 200 microliters of (he solution was 
crosslinked by UV light (10 W/cm2. full cure) In vitro release of 
tetracycline from the 200 microliter cured gel, after a brief rinse, was 
carried out in 5 mis PBS. pH 7.4. 37- C The PBS was exchanged daily 
to ensure "sink' conditions. The release profile is seen Figure 16. After 
an initial burst, tetracycline was released steadily for nearly a week. 

Taxol was incorporated into gels by similar procedures, except that 
Tween" surfactant was used »o soluhilize the Taxol concentrate A 
similar release patu-m to that seen with tetracycline was observed 
Example 14: Urcthaoe-coatainirtg macromers 
PEO of molecular weight 1450 was reacted with approximately 1 
mole of lactid* per end. using procedures described above, to give 
1 4KL2. The 1 4JCL2 was weighed ; nto a 100 ml flask (8.65 g) and 270 
ml of dried toluene was added Ahout 50 ml of toluene was disrilled off 
to remove residual water as the azcotrope. and the solution was cooled. 
Then 0.858 g (825 microliter) of commercial 1.6 hexane-diisocyanatc was 
added, and also 1 drop of dirxiiyltindilaurate (ca. 0.02g). The solution 
was at 60 degrees at addition, and warmed to 70 degrees over about 10 
minutes Heat was applied to maintain the solution at about 75 degrees 
for about 3.5 hours NMR and IR spectra comirmed consumption of the 
diisocyanate. and the resulting solution was -herefore expected to contain 
alternating PEO and hexane blocks, linked by urethane linkages, and 
terminated by nydroxyls. This material can be capped with reactive end 
groups, optionally after «unhcr extension with hydroxy acids, to form a 
reactive macromer The urethane links and hexane blocks are present to 
promote tissue adherence 
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Modifications and variations of the present invention will be 
obvious to those skilled in the art from the foregoing detailed description 
Such modifications and variations are intended to come within the scope 
of the following claims. 
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I. A macromer comprising at least four covalendy linked 
polymeric blocks ind at least two crosslinkable groups, wherein 

a) at least one Nock is hydrophilic. where in 'each hydrophilic block 
individually has a water solubility of at least 1 gram/liter; and 

b) at least two blocks are hydrophobic, 

wherein the macromer is capable of being gelled when the 
crosslinkable groups are crosslinked, and 

wherein one of the blocks is a thermoresponsive block. 

the crosslinkable groups are independently selected from the group 
consisting of epoxides, isocyanates. isothiocyanatcs. aldehydes, amines, 
sulfonic acids, carboxylic acids and ethylenically unsaturated groups, and 

the crosslinkable groups are separated by at least one degradable 
linkage that is capable of degrading under physiological conditions. 

2. The macromer of claim I wherein the hydrophilic blocks 
are the same or different and are selected from the group consisting of 
polyethylene glycol), polyethylene oxide), polyvinyl alcohol), 
polyvinylpyrrolidone), poly(ethyloxazoline). polysaccharides and ammo 
acid polymers. i 

3. The macromer of claim I wherein die hydrophobic blocks 
are the same or different and are selected from the group consisting of 
polypropylene oxide, polybutylene oxide, hydrophobic mixed 
poly(alkylcne oxides), polyhydroxy acids, polylactones. polyamino acids, 
polyanhydrides. polyorthoesrers. polyphosphazenes. and polyphosphates. 
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4. ^The rnacromer of claim 1 wherein the crosslinkable group 
is selected from the group consisting of epoxides, isocy mates. 
Lsothiocyanates, aldehydes, amines, sulfonic acids and carboxylic acids. 

5. "The macromer of claim 1 wherein the crosslinkable groups 
comprise ethylenically unsaturated groups. 

6. The macromer of claim I, further comprising at '.east one 
iooically charged moiery covalenily attached to the macromer 

7. The macromer of claim 1 comprising at least two chemically 
distinct hydrophobic blocks. 

8 The macromer of claim 1 wherein at least one hydrophobic 
block is separated from any crosslinkable group by at least one 
hydrophilic block. 

9. The macromer of claim I wherein each hydrophobic block is 
separated from any other hydrophobic block by a hydrophilic bloek. 

10. The macromer of claim 1 wherein the macromer is capable of 
thermoreversible gelation in an aqueous solution of the macromer at a 
concentratioD of at least 2% by weight, and wherein the gelation 
temperature is between about 0"C and about 65*C. 

11. A composition comprising a macromer as described in claim 1 
and a therapeutic agent. 

12. A composition comprising a macromer as described in claim 1 
and a hydrophobic material non-covalently associated with the macromer. 
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13. The composition of claim «. wberem the hydrophobic 
nutcrul « selcu* from ^ group cotmstiflg of hydrocarbons ^ 
fairy acids, and sterols. 

»«■ A composition Including , macromer as described uxiaim 
1 and a pbannaccuucally acceptable carrier. 

15. The composition of claim 14 whtitin the earner is suitable 
for parenteral administration. 

16. The composition of claim 14. wherein the macromer is 

gelled. 



The composidon of claim 14. wherein the crosslinkable 
group* on the macromer are covalemiy crosslink. 

18- Tne composition of claim 17 further comprising a 
therapeutic agent. 



19 The composition of claim 18. wherein the therapeutic agert 
. S provKled in a form selected from the group coning of parties 
pro-drug conjugates, and liposomes. 

20. The composite of claim 17 wherein the gel is in a f cm 
suitable for application to a surface of a biological tissue. 

21. The composition of chum 17. further comprising a medical 
dev.ee. wherein the gel i, formed on a surface of the medical device. 

22. The composition of claim 17 wherein the gel is formed 
between opposed surface, and adhere, rbe surface, together. 
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23. Use of a macromer as described in claim 1 in a method for 
treating a medical condition comprising applying an aqueous solution of 
the macromrr to tissue in vivo. v 

24. The use of claim 23 wherein the aqueous solution further 
comprises a dissolved or suspended therapeutic agent. _ 

25. The use of claim 23 wherein the medical condition is a 
bum or abrasion of the skin. 

26 The use of claim 23 wherein the medical condition is an 
injury resulting from a surgical intervention. 

27 The use of claim 26 wherein the surgery is angioplasty. 

28 The use of claim 26 wherein the surgery is conducted 
through the cannula of a trocar. 

! 29 A method for controlling the rate of delivery bf a 
biologically active material, comprising: 

a) mixing an active material with a solution of a macromer 
comprising at least four covalentiy linked polymeric blocks and at least 
two cross linkable groups, wherein 

i) at least one block is hydrophilic, wherein each hydrophilic block 
individually has a water solubility of at least I gram/liter; and 

ii) at least two blocks are hydrophobic, 

wherein 'he macromer is capable of being gelled when the 
crosslinkable groups are crosslinked, and wherein one of the blocks is a 
thermoresponsive block. 



the crosslinkable groups are independently selected from the group 
consisting of epoxides, isocyanates. isothiocyanatcs, aldehydes, amines, 
sult'unic adds, carboxylic acids and ethylenically unsaturated groups, and 

the crosslinkable groups are separated by at least one dcgradable 
linkage that is capable of degrading under physiological condit:ons. 
*■ b) crosslinking the macromer to form a gel; and 

c) changing the permeability of the gel to effect controlled delivery 
of the material 

30. The method of claim 29 wherein the crosslinked gel 
changes in permeability in response to changes in ionic concentration or 
changes in pH. 

31. The method of claim 29 wherein at least one hydrophobic 
block aggregates in aqueous solution to form a hydrophobic domain. 

32. The method of claim 31 wherein the hydrophobic iry of the 
domain is controlled by selecting the hydro p hob .cry of the block. 

33. The method of claim 31 wherein the hydrophobic^ cf the 
domain is controlled by adding hydrophobic materials to the gel-forming 
macromer solution. 



34. The mechod of claim 29 wherein the active material is in 
the form selected from the group consisting of particles, pro-drug 
conjugates and liposomes. 
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PEG- Caproate - Glycolate - Acrylate , n = 182 
Monomer A : p-4, q = 1 ; Monomer B : p « 3 q = 2- 
Monomer C-- p«2, q*3, Monomer D : p = 1 j q=4 
p and q are randomly distributed 

Structure of macromonomers 
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